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(54) Abstract Title 

Vertical power MOS / IGBT devices 



(57) A semiconductor device comprising a drain region 2, a body region 3 overlying the drain region and 
defining an upper surface, source regions 4 extending from adjacent the upper surface of the body region 
towards the drain region, and a series of trenches or recesses extending into and through the body region 
such that lower side walls of each recess are defined by portions of the body and drain regions and upper side 
walls of each recess are defined by the source region. A lower portion of each recess is filled with a gate region 
5 isolated from the side walls by a first insulating layer 6 and covered by a second insulating layer 7. A source 
conductor 8 overlies the upper surface and is electrically connected to the source regions 4, and a gate 
conductor is electrically connected to each gate region. The source conductor extends into an upper portion of 
each recess to contact portions of the upper side walls of the recess which are defined by the source regions. 
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SEMICONDUCTOR DFVTCF. 

The present invention relates to a semiconductor device and in particular to a 
semiconductor device having a structure suitable for the formation of a vertical 
channel MOS power transistor. 

US patent 5034785 describes the evolution of double diffused MOS 
transistors. Figure 1 of the US patent illustrates an early structure in which in an on- 
state a field from a gate forms a horizontal conducting channel, allowing current to 
flow laterally beneath the gate. After flowing laterally, the current must then flow 
vertically to reach a drain region. Figure 2 of the above US patent illustrates an 
alternative structure generally referred to as a UMOS structure. In that structure, 
source, body and drain regions are arranged vertically adjacent a trench formed in a 
wafer surface, the trench being generally of U-shaped cross-section. Current thus 
flows more efficiently in the vertical direction only. The structure of Figure 2 of the 
above US patent is however difficult to fabricate as it requires the formation of a U- 
shaped gate lining the sides of the trench and results in a transistor with a non-planar 
surface. Figure 3 of the above US patent seeks to provide a UMOS structure which is 
not subject to these disadvantages by providing a vertical gate in a structure with a 
planar surface whilst still enabling contact to be made to the gate which is embedded 
beneath that surface. 

In the known structure as illustrated in Figure 3 of the above US patent, a 
drain region is overlaid by a body region which defines a substantially planar upper 
surface. Source regions extend from the upper surface towards the drain region and a 
series of indentations extend from the upper surface of the body region. The 
indentations are arranged such that lower side walls of each indentation are defined by 
portions of the drain and body regions and upper side walls of each indentation are 
defined by source regions. A lower portion of each indentation is filled with a gate 
region isolated from the side walls of the indentation by a first insulating layer and 
covered by a second insulating layer. The indentations are completely filled with the 
material making up the gate region and the first and second insulating layers. A 
source conductor overlies the upper surface of the body region to contact portions of 
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the source regions which are substantially coplanar with the upper surface of the body 
region. Thus with such an arrangement the resultant device has a flat upper surface. 

It is of course desirable to produce power transistors with a relatively low on- 
state resistance for a given lateral area. Accordingly it is desirable to minimise the 
spacing between adjacent gate and source structures. The known structure described 
in Figure 3 of the above US patent does impose certain dimensional limitations 
however. Firstly, a minimum lateral spacing must be provided between adjacent 
source regions such that an adequate suppression of carrier injection from the emitter- 
base junction of the parasitic (source/body/drain) bipolar element is achieved. For 
each source region, this requires an adequate low resistance path from the overlying 
source conductor, through the body region, to the point on the boundary of the source 
region most distant from the overlying source conductor. A further limitation arises 
in that the lateral width of each source region at the upper surface must be sufficient 
to provide a contact area between the source region and the source conductor capable 
of carrying the required current. Thus the minimum spacing that must be provided 
between the closest adjacent side walls of two indentations is the sum of the minimum 
inter-source spacing necessary to provide adequate inhibition of unwanted bipolar 
conduction and twice the minimum lateral source width for acceptable contact 
resistance. 

It is an object of the present invention to provide a semiconductor structure in | 
which the minimum spacing between adjacent gate regions can be reduced beyond the 
above-described dimensional limitations. 

According to the present invention, there is provided a semiconductor device 
comprising a drain region, a body region overlying the drain region and defining an 
upper surface, source regions extending from adjacent the upper surface of the body 
region towards the drain region, and a series of indentations extending into the body 
region such that lower side walls of each indentation are defined by portions of the 
drain and body regions and upper side walls of each indentation are defined by the 
source regions, wherein a lower portion of each indentation is filled with a gate region 
isolated from the side walls by a first insulating layer and covered by a second 
insulating layer, a source conductor overlies the upper surface and is electrically 
connected to the source and body regions, and a gate conductor is electrically 
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connected to each gate region, the source conductor extending into an upper portion 
of each indentation to contact portions of the upper side walls of the indentation 
which are defined by the source regions. 

The present invention also provides a method for forming a semiconductor as 
defined in the preceding paragraph, wherein indentations are formed in a 
semiconductor wafer, lined with a first insulating layer, and partially filled with a gate 
material such that lower side walls of each indentation adjacent the gate material are 
defined by portions of a body region and a drain region and upper side walls of each 
indentation above the gate material are defined by portions of source regions, a 
second insulating layer is formed in each indentation to cover the gate region, the 
second insulating layer is etched back to a depth such that portions of the upper side 
walls defined by the source regions are exposed above the second insulating layer, 
and an electrically conductive layer is deposited on the wafer so as to extend into each 
indentation and contact the exposed upper side walls defined by the source regions. 

Preferably the upper surface of the body region is substantially planar and the 
source regions define upper surfaces which are substantially coplanar with the upper 
surface of the body region, the source conductor overlying and electrically contacting 
the upper surfaces of the source regions. 

Given that the source conductor extends into the indentations and contacts 
surfaces of the source regions which define side walls of the indentations, the total 
area of contact be tween t he sourcejegjons jgdThe^so^ce conductor is a function of 
the width j )f th e portion of each source region which is coplanar with the upper 
surface of the body region plus the depth of penetration of the source conductor into 
the upper portion of the indentations. For a given required area of source/source 
conductor contact, the minimum acceptable dimension of the source regions in the 
direction separating adjacent gate regions can be reduced as compared with structures 
in which no source/source conductor contact is made within upperj?ortions of the 
indentations. 

A further advantage which can be realised with the present invention is that 
the source diffusion distance can be smaller than in prior art devices. This is because 
in prior art devices the source is contacted by the source conductor only on the upper 
surface of the device, the area of contact being proportional to the diffusion distance 
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assuming that the source is formed by diffusion from the indentation walls. In 
contrast, with the present invention, the source is contacted by the source conductor / 
within the indentation and it is not therefore necessary to have a relatively large 
source diffusion distance to achieve an adequate lateral contact width. Given that 
relatiwly^inari source diffusion distances can be used, very accurate channel width 
definition is possible using very accurate techniques such as rapid thermal annealing. 
Manufacturing tolerances with regard to the channel width, necessary to 
accommodate variations in source diffusion distance, can be very much reduced. 

Embodiments of the present invention will now be described, by way of 
example, with reference to the accompanying drawings, in which: 

Figure 1 is a schematic cross-section through a conventional UMOS structure; 
Figure 2 is a schematic cross-section through a structure in accordance with 
the present invention; 

Figure 3 is a schematic illustration of a cross-section of a part of a 
semiconductor body covered by a mask in an initial step in a process to form a 
structure such as that illustrated in Figure 2; 

Figure 4 is a schematic illustration of the cross-section of Figure 3 after 
trenches have been etched into the semiconductor body; 

Figure 5 is a schematic illustration of the cross-section of Figure 4 after the 
trenches have been coated with oxide material, 

Figure 6 is a schematic illustration of the cross-section of Figure 5 after the 
trenches have been partially filled with polysilicon 

Figure 7 is a schematic illustration of the cross-section of Figure 6 after the 
semiconductor body has been doped with p-type dopant; 

Figure 8 is a schematic illustration of the cross-section of Figure 7 after 
deposition of an isolation layer; 

Figure 9 is a schematic illustration of the cross-section of Figure 8 after 
deposition of a planarising layer of photo-resist; 

Figure 10 is a schematic illustration of the cross-section of Figure 9 after 
partially etching back the upper surface; 

Figure 1 1 is a schematic illustration of the cross-section of Figure 10 after a 
further etch-back; and 



Figure 12 is a schematic illustration of the cross-section of Figure 11 after 
deposition of a source conductor to form an n-channel (n-p-n) UMOS device 
according to the invention. 

Referring to Figure 1, the illustrated prior art structure comprises a series of 
trenches which form indentations extending in a direction perpendicular to the plane 
of Figure 1. Each trench structure overlies an n-Hype semiconductor drain region 1, 
an n-type drain region 2, and a p-type body region 3. Each trench structure comprises 
n+source regions 4, a gate region 5 isolated from the body and source regions by a 
first insulating layer 6, and a second insulating layer 7. As illustrated, the insulating 
layer 6 extends only to the top of the gate region 5, but it will be appreciated that the 
layer 6 may extend to the top of the layer 7. A source-contacting conductor 8 extends 
over the substantially planar surface defined by the upper surfaces of the body region 
3, source regions 4 and insulating layers 7. Thus each gate region 5 and adjacent 
insulating layers 6 and 7 completely fill an indentation formed in the semiconductor 
structure, the side walls of the indentation corresponding in position to the boundary 
between the first insulating layer 6 and the drain region 2, the body region 3 and 
source regions 4, and the boundary between the second insulating layer 7 and source 
regions 4. 

The illustrated device can be turned on to cause current to flow between the 
source regions 4 and the drain region 1 by applying appropriate potentials to the 
source, drain and gate so as to establish a conducting channel region through the body 
region 3 adjacent the gate region 5. The operational characteristics of the structure 
are entirely conventional and will not be further described herein. 

The minimum spacing between the indentations of adjacent trench structures 
is the sum of the spacing between adjacent source regions 4 (indicated by arrow 9 in 
Figure 1) and twice the width of the source regions 4 (indicated by arrow 10 in Figure 
1). The inter-source spacing must be sufficient to ensure adequate inhibition to n-p-n 
bipolar turn-on, and typically is l^im. The source width must be sufficient to carry an 
adequate current to the source regions and typically is also l|am. Thus a minimum 
inter-indentation spacing is typically 3|im. 

Referring to Figure 2, this shows an embodiment of the present invention. 
The same numerals are used for equivalent structures in Figures 1 and 2. The 



difference between the two illustrated structures is that in Figure 1 the upper surface 
of the insulating layer 7 is coplanar with the coplanar upper surfaces of the body 
region 3 and source regions 4 and is therefore coplanar with the lower surface of the 
source conductor 8, whereas in the arrangement of Figure 2 the upper surface of the 
insulating layer 7 is recessed such that the conductor layer 8 penetrates into the upper 
portion of the indentations to a depth indicated by arrow 1 1 . Thus the contact area 
between the conductor layer 8 and each source region 4 is a function of the sum of the 
dimensions indicated by arrows 10 and 11. Accordingly, for a dimension 11 of 
0.6nm, the dimensions 10 can be relatively small, for example 0.4jim rather than 
Ijxm, resulting in a minimum spacing between adjacent indentations of 1.8 jim rather 
than 3\xm, 

As shown in Figure 2, an unpatterned p+ surface dopant concentration 
enhancement region 12 may be introduced orthogonal to the upper surface of the body 
region 3 and source regions 4 without increasing the source contact resistance to an 
unacceptable extent given that the source conductor 8 contacts the sources 4 via the 
side walls of the indentations above the upper surface of the insulating layer 7. The 
surface dopant concentration enhancement region does not penetrate to a significant 
extent into the side walls of the indentations defined by the source regions 4. 

Referring now to Figures 3 to 12, the fabrication of a structure such as that 
illustrated in Figure 2 will now be described. Referring to Figure 3, a semiconductor 
body is formed on a substrate defining an n+ type semiconductor drain region 13. 
The semiconductor body comprises an n-type drain region 14, extending to an upper 
surface 15, which supports a masking layer 16 which may be selectively removed by 
etching to define areas where trenches are to be formed in the region 14. The drain 
region 14 may be an epitaxial layer. The masking layer 16 may comprise a single 
material type, for example silicon dioxide, or it may be a multi-layer comprising 
several different materials, for example silicon dioxide/silicon nitride/silicon dioxide. 
After selective removal of the mask 16, trenches are etched to a predetermined depth 
through the exposed surface 15 and into region 14, as shown in Figure 4, using a 
known method, for example reactive ion etching. 

Typically, the illustrated multi-layer structure will be formed on a wafer 
substrate which might be 600p.m thick. The substrate in effect forms the drain region 
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13 of Figure 3. The layers 14 and 16 built up on the substrate will be very much 
thinner than the substrate itself. For example, the region 14 may be 6\im thick. The 
layer 13 is shown in the Figures as being relatively thin simply for the purposes of 
illustration. 

An insulating oxide layer 17 is formed on the trench walls using a known 
technique as shown in Figure 5. One such known technique is thermal oxidation. 
Layer 17 may also be formed as a composite oxide/nitride layer. Following layer 17 
formation, a gate material 18 such as polysilicon is introduced into the trenches, for 
example using a low pressure chemical vapour deposition technique. The polysilicon 
gate material 18 is arranged to partially fill the trenches, as shown in Figure 6, for 
example by first filling the trenches and then etching back some of the polysilicon 1 8. 
The polysilicon 18 may be doped to effect an improvement in conductivity. This may 
be done during or after deposition. In an alternative method, aluminium gates may be 
arranged partially to fill the trenches, without requiring to be etched back, using a 
method described in WO 9700536. 

Referring to Figure 7, p-type body dopant is introduced laterally into region 14 
through the side walls of the trenches, and is then diffused to form p-type body 
regions 19. The body dopant may be introduced into the trench side walls using 
charged dopant ions (for example ionic boron) which pass directly through the oxide 
layer 17 and into the region 14. Alternatively, other known methods of dopant 
introduction may be used, for example gaseous predeposition. Some methods may 
require that the oxide layer 17 is first removed from the walls of the trenches above 
the gate material. Figure 7 however illustrates a method in which the layer 17 
remains intact. 

Referring now to Figure 8, the portion of the layer 17 above the gate region 18 
is removed, and then source dopant is introduced laterally through the side walls of 
the trenches, using a technique such as one of those described above, to form source 
regions 20. The source dopant is prevented from entering at least part of the upper 
surface of the substrate by those portions of the trench masking layer 16 which have 
not been removed. It will be appreciated that although in the method described above 
the portions of the layer 17 above the gate region 18 are removed before source 
dopant introduction, dopant could be implanted through the layer 17 above the gate 
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region 18. The diffusion of the source dopant is arranged such that it penetrates to a 
lesser distance than the body dopant, so that a portion of body region 19 is interposed 
between each source region 20 and drain region 14. The penetration distance of the 
source dopant must be closely controlled in order that the resultant channel width 
(that is the position of the boundary between the regions 19 and 20 relative to the 
position of the upper surface of each gate region 18) is accurately determined. It will 
be appreciated that driving in the source regions 20 will cause some further diffusion 
of the dopant forming the body regions 19, and that this further diffusion must also be 
taken into account when determining the desired relative positions of the source and 
body region boundaries. 

The present invention allows for a minimal source diffusion distance, by 
eliminating the requirement for a wide lateral source contact width at the surface 15, 
such a wide lateral source contact being required in prior art devices in which the only 
contact with a source conductor is at the surface 15. Consequently, the vertical 
thickness of the portion of body region 19 interposed between a source region 20 and 
the drain region 14, known as the channel width, is more accurately determined. 

An isolation material 21 such as TEOS- or silane-based silicon dioxide is then 
deposited on the structure. The top surface of this layer 21 may then be planarised, 
using for example a layer 22 of photoresist, as shown in Figure 9. The layer of 
photoresist 22 is spun onto the wafer and then baked to leave a substantially flat top 
surface. The structure of Figure 9 is then subjected to a partial etch-back using an 
etch with 1:1 selectivity between layers 21 and 22, which leaves a new top surface of 
layer 21 substantially flat as shown in Figure 10. A second etch-back is then carried 
out, this time with 1:1 selectivity between layer 21 and 16, to arrive at the 
intermediate structure of Figure 11. 

The etch-back which results in the structure of Figure 1 1 will have a high 
selectivity between layers 21 and 16 (both for example of silicon dioxide) and regions 
19 and 20 (both silicon). During this step the layer 16 is completely removed, 
exposing the substantially planar silicon surface below, and the layer 21 is 
substantially recessed below that planar surface. 



A shallow p-type implant may additionally be carried out at this point, in order 
to boost the surface dopant concentration of p-type regions 19 (such an implant is not 
shown in Figure 11). 

A layer of metal 23 is then added to the upper surface of the structure, to form 
an electrical contact to the source regions 20 and body regions 19, as shown in Figure 
12. The gate regions 18 will be connected elsewhere to a gate contact metallisation 
region. 

It is important to note that recessing the layer 21 below the top surface of the 
silicon as shown allows for an increased area of contact between source regions 20 
and metal layer 23. 

In an alternative embodiment, a p-type body region is present in the structure 
in the form of a layer of uniform thickness before the trenches are etched, that is at the 
stage shown in Figure 3. This p-type body region would therefore be present at each 
of the stages shown in Figures 3, 4, 5 and 6. Lateral introduction of p-type dopant 
through the trench side walls is not then necessary at the stage shown by Figure 7. 
The cross-sections at each of the stages shown in Figures 8, 9, 10, 11 and 12 would 
show a straight horizontal rather than curved boundary between layers 19 and 14 
between the trenches. The completed structure would have the cross-section shown in 
Figure 2 rather than that shown in Figure 12. 

In any of the above embodiments p and n type regions may be interchanged 
throughout to arrive at a p-channel (p-n-p) rather than n-channel (n-p-n) structure. 

In any of the above embodiments, an additional layer beneath layer 13 and of 
opposite type to layer 13 may be present, resulting in the formation of a n-channel or 
p-channel IGBT structure. 

Figures 3 to 12 illustrate the formation of a device comprising two adjacent parallel 
trenches. It will be appreciated that the present invention may be used with a wide 
variety of trench configurations, for example the formation of a hexagonal array in 
which trenches are etched in spaces defined between a tightly packed array of 
hexagonal mesa areas on the surface of a substrate, or an array in which trenches are 
etched in spaces defined between regularly spaced square mesa areas arranged in rows 
with the mesa areas of adjacent rows offset by half the pitch of mesa areas in each 
row. 
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CLAIMS 

1 . A semiconductor device comprising a drain region, a body region overlying 
the drain region and defining an upper surface, source regions extending from 
adjacent the upper surface of the body region towards the drain region, and a series of 
indentations extending into and through the body region such that lower side walls of 
each indentation are defined by portions of the body and drain regions and upper side 
walls of each indentation are defined by the source regions, wherein a lower portion 
of each indentation is filled with a gate region isolated from the side walls by a first 
insulating layer and covered by a second insulating layer, a source conductor overlies 
the upper surface and is electrically connected to the source regions, and a gate 
conductor is electrically connected 'to each gate region, the source conductor 
extending into an upper portion of each indentation to contact portions of the upper 
side walls of the indentation which are defined by the source regions. 

2. A device according to claim 1 , wherein the upper surface of the body region is 
substantially planar and the source regions define upper surfaces which are 
substantially coplanar with the upper surface of the body region, the source conductor 
overlying and electrically contacting the upper surfaces of the source regions. 

3. A device according to claim 2, wherein the upper surface of each source 
region has a width of less than 1 prn. 

4. A device according to claim 3, wherein the upper surface of each source 
region has a width of 0.4nm. 

5. A device according to any preceding claim, wherein the portions of the upper 
side walls of each indentation which are defined by the source regions and are 
contacted by the source conductor have a depth of 0.6^im. 
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6. A device according to any preceding claim, wherein the upper surface of the 
body region incorporates a surface dopant concentration enhancement region. 

7. A device according to any preceding claim, wherein the drain region is of n 
type conductivity, the body region is of p type conductivity, and the source regions 
are of n+type conductivity. 

8. A method for forming a semiconductor device according to claim 1, wherein 
indentations are formed in a semiconductor wafer, lined with a first insulating layer, 
and partially filled with a gate material such that lower side walls of each indentation 
adjacent the gate material are defined by portions of a body region and a drain region 
and upper side walls of each indentation above the gate material are defined by 
portions of source regions, a second insulating layer is formed in each indentation to 
cover the gate region, the second insulating layer is etched back to a depth such that 
portions of the upper side walls defined by the source regions are exposed above the 
second insulating layer, and an electrically conductive layer is deposited on the wafer 
so as to extend into each indentation and contact the exposed upper side walls defined 
by the source regions. 

9. A method according to claim 8, wherein the second insulating layer is formed 
so as to fill each indentation above the gate material and to cover the upper surface of 
the wafer, the upper surface of the second insulating layer is planarised, and the 
planarised second insulating layer is etched back into the indentations. 

10. A method according to claim 9, wherein the second insulating layer is 
planarised by applying a further layer thereto such that the further layer has a planar 
upper surface, and then etching the resultant structure using an etchant which removes 
the material of the second insulating layer and the further layer at the same rate. 
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